Ag-Au bimetallic nanospheroids with tunable localized surface plasmon resonance (LSPR) were synthesized by 100 keV Ar-ion irradiation of 30 nm Ag-Au bimetallic films deposited on SiO 2 glass substrates. A shift of the LSPR peaks toward shorter wavelengths was observed up to an irradiation fluence of 1.0 Â 10 17 cm
I. INTRODUCTION
Physical and chemical properties of low-dimensional solid-state systems have attracted considerable attention because of their technological significance. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The bestknown optical property of metal nanoparticles embedded in glass is the intense absorption band in the visible spectrum arising from a collective excitation of the free electrons. This is called the localized surface-plasmon resonance (LSPR), and the formal explanation of this remarkable phenomenon was given by Gustav Mie. 9, 13 Metallic nanoparticles have been extensively studied both experimentally and theoretically [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] because of their appreciable applications in LSPR-based biological and chemical sensors such as molecular, gas, and pH sensors.
There is currently increasing interest in developing lowcost, reproducible, and efficient plasmonic sensors based on spectral peak shift. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] It has been demonstrated that particle size, shape, and component material play important roles in determining the sensitivity. [17] [18] [19] There has been a great deal of research conducted on controlling the morphology and composition of these nanoparticles. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The synergistic control of various parameters sensitive to the LSPR band includes both particle size and shape. [17] [18] [19] [20] [21] [22] [23] Further control of LSPR frequency over a wider range has been achieved by synthesizing bimetallic nanoparticles fabricated in the form of alloys of two metals. In general, the resulting LSPR frequency lies in between that of the pure components, and depends on the relative amounts of the two components. [23] [24] [25] [26] [27] In particular, Ag-Au nanocomposites have attracted increasing interest because of their composition-dependent tunable optical properties and because complete miscibility of Au and Ag can be obtained at any composition in both bulk materials and NPs. 18, 19, 21, [24] [25] [26] [27] To date, Ag-Au bimetallic NPs showing a single LSPR band tuned over the entire wavelength region in between that of pure Ag and Au have been synthesized.
There have been impressive developments in the field of nanotechnology in recent years, with chemical and lithographical methodologies being developed to synthesize NPs of particular size and shape. Purely chemical synthetic routes such as innovative colloidal self-assembly, [18] [19] [20] 24, 26 lithography methods such as electron beam lithography 28 and nanosphere lithography, 27, 29 thermal deposition, 25 laser irradiation, 30 ion implantation and consequent annealing, 31, 32 and ion irradiation and subsequent annealing [33] [34] [35] have been developed for manufacturing high efficiency platforms for the LSPR-based sensors. Nowadays, colloidal chemistry can produce a myriad of metal NPs in solutions with a variety of morphologies from sphere to complex core-shell, with very good control of the size distribution; [17] [18] [19] [20] [21] [22] [23] this control over the size, composition, and morphology of the NPs in a system can produce dramatically different absorption features in the visible or near-infrared spectrum. However, the synthesis of these structures, in particular within a matrix, is a significant challenge. This is especially true if they are to be used in solid-state devices such as biosensors, in which advanced surface functionalization of the NPs is in active state is required.
To overcome these problems, low-energy ion modification in metal-silica systems can be employed. Low-energy ions (up to few hundred keV) undergo unclear stopping and a)
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V C 2013 AIP Publishing LLC 114, 054308-1 the energy deposition is dominated by nuclear energy loss, which can effectively induce mass transfer and results in irradiation enhanced diffusion. This in turn leads to lateral transport of metal atoms and therefore the dewetting of thin metal films. 34, 36 Furthermore, this effectively burrows the nanostructures into the dielectric matrix because of the ioninduced viscous flow, and subsequently improves the adhesion of the deposited metal films on insulating substrates. 37, 38 Previously, we have synthesized photosensitive gold NPs partially embedded in SiO 2 glass substrates. 35 In this paper, we report a synthesis method of Ag-Au alloy nanospheroids in SiO 2 glass substrate by ion irradiation and its tunable optical properties. In this method, the synthesized nanoparticles with advanced functionalization surface partially embedded in the dielectric matrix were obtained.
II. EXPERIMENTAL PROCEDURE
Ar-ion irradiation induced surface nanostructuring of Ag-Au bimetallics with various molar ratios deposited on SiO 2 substrate was performed, and tunable plasmon resonance frequency was obtained. Ag-Au bimetallic thin films were thermally evaporated on mirror polished SiO 2 substrates at ambient temperature by electrically heating the Ag and Au sources under a 6.0 Â 10 À5 Torr vacuum. In general, the Ag nanostructures are unstable and easily get oxidized. [39] [40] [41] Therefore, the as-deposited samples were kept in the vacuum condition. However, a strong increase in the oxidation resistance was observed with the increase of Au atomic fraction inside the nanostructures, 41 and it is reported that most of the Au-Ag nanostructures was not oxidized at gold fractions above 0.4 in solution. 42 Therefore, the Au-Ag bimetallic films on SiO 2 substrates were thought to be stable in this study. The film thickness was verified by transmission electron microscope (TEM; JEOL JEM-2010F), and a field-emission scanning electron microscope (SEM; JEOL JSM-7001FA) equipped with energy dispersive spectrometer (EDS; Noran Thermo Fischer Scientific) was used for measuring the compositions of the as-deposited and irradiated samples.
For the 30 nm Ag (50%) -Au (50%) bimetallic films deposited on the SiO 2 substrates, the optical micrograph exhibits a blue color ( Fig. 1(a) , upper section) and the surface is uniformly smooth and consists of planar grains as small as a few nanometers in size (SEM micrograph in Fig. 1(a) , and 1.4 Â 10 17 cm À2 was performed to study the fluence dependence. The energies of the ions were chosen such that the range is wider than the thickness of the bimetallic layer, as calculated by the SRIM 2011 code. 43 Ar-ion irradiation on the samples was performed using the 400 keV ion accelerator at the High Voltage Electron Microscope Laboratory, Hokkaido University. 44 A low pressure of 10 À3 Pa was maintained inside the irradiation chamber. To ensure uniform irradiation, Ar-ion beam was scanned and the current was maintained at approximately 2.0 lA cm As the radiation induced defects can be removed by annealing at temperatures higher than 623 K, 45 postirradiation thermal annealing is usually employed to anneal ion irradiated samples. Therefore, thermal annealing was conducted ex situ under high vacuum (4.25 Â 10 À5 Pa) at 773 K for 2 h. After that, optical absorption spectra were recorded over a wavelength range of 300-800 nm on a spectrophotometer (JASCO V-630) with a spectral bandwidth of 1 nm, and the SEM observations were used to examine the surface modification. The line and surface element concentration were evaluated at the nanoscale using the SEM coupled with an EDS, and the line chemical concentration profiles across the surface were obtained using the SEM operated at 6.0 keV. Moreover, microstructural characterization was performed using the TEM operated at 200 keV. The cross-sectional TEM samples were prepared using a precision ion polishing system (PIPS; JEOL AT-12310), and ion milling was performed using a cold stage to avoid undesired thermal modification of the samples. III. RESULTS
A. Fluence effect on surface nanostructuring by ion irradiation
The morphology of the surface nanostructuring by ion irradiation on the dielectric substrate depends on variations in the irradiation parameters such as fluence, current, and beam energy. In this study, fluence dependence on the ion induced surface nanostructure was studied using 100 keV Ar-ion irradiation of 30 nm Ag (50%) -Au (50%) bimetallic films deposited on SiO 2 substrates with the irradiation fluence increasing from 4.0 Â 10 16 cm À2 to 1.4 Â 10 17 cm
À2
. A color change from dark green to light violet was observed, as can be observed in the optical micrographs in the upper sections of Fig. 1 . SEM was used to study the surface nanostructure after the post-irradiation thermal annealing. The lower sections of each panel in Figure 1 show SEM micrographs of (a) asdeposited Ag ( While the surface of the as-deposited SiO 2 substrate is smooth with fine particles a few nanometers in size (lower section of Fig. 1(a) ), relatively large polygonal pitches with a Heywood diameter greater than 900 nm were observed (lower section of Fig. 1(b) ) after thermal annealing because of the thermal induced homogeneous nucleation. 28, 46 Asdeposited SiO 2 is quite different from the ion irradiated samples. With increasing irradiation fluence, the process of bimetallic film evolution under Ar-ion irradiation is clearly observed, with the formation of isolated photosensitive nanospheroids. Partially connected nanoscale islands formed after irradiation to a fluence of 4.0 Â 10 16 cm À2 because of ion induced dewetting of thin metallic films. 34 When the dose increased to 7.0 Â 10 16 cm
, elongated nanospheroids were obtained on the substrate. A detailed study of the Ag (50%) -Au (50%) bimetallic nanospheroids was conducted by measuring the nanospheroids diameter and aspect ratio, and the results are summarized in Table I . Figure 3(a) illustrates the mean diameter and aspect ratio of the Ag (50%) -Au (50%) nanospheroids as a function of irradiation fluence. Both show a systematic decrease with the irradiation fluence, and their deviations also decrease with the irradiation fluence. Bright field cross-sectional TEM micrograph of these nanospheroids was obtained (Fig. 4(a) ), and the diffraction pattern for a typical nanospheroid is given in Fig. 4(b) showing a FCC structure. As observed in this figure, the nanospheroids are partially embedded in the substrate, and the mechanism of the embedment has been studied in detail by Klimmer et al. 38 It has been concluded that these nanospheroids are embedded by irradiation induced viscous flow, considering the effect of surface sputtering. 38 Optical absorption spectra were recorded for each specimen after irradiation. , a broad absorption peak was observed, while narrower absorption peaks were clearly observed for specimens irradiated at fluences exceeding 7.0 Â 10 16 cm À2 . These absorption peaks were induced by the resonance of the incident light with the combined oscillation of the free electrons aggregated at the surface of these Ag (50%) -Au (50%) bimetallic nanospheroids partially embedded in the SiO 2 substrate. This enhanced absorption is a characteristic of LSPR, and the peak positions are summarized in Table I . These absorbance bands correspond to the LSPR peak exhibited by Ag-Au bimetallic nanospheroids sustained on or embedded in a SiO 2 matrix. 22, [24] [25] [26] [27] As the irradiation fluence of the Ar ions increased, a shift of the LSPR peak positions toward the short wavelength was observed up to an irradiation fluence of 1.0 Â 10 17 cm
, and then shifted towards the longer wavelength with further increase of the fluence (Fig. 3(c) ). . SEM was used to study the surface nanostructuring after postirradiation thermal annealing. SEM micrographs (lower sections of Figs. 5(a')-5(e')) show the surface morphology of the post-irradiation annealed samples of pure silver, Ag (75%) -Au (25%) , Ag (50%) -Au (50%) , Ag (25%) -Au (75%) , and pure gold deposited on SiO 2 substrates. A detailed study of the Ag (X%) -Au (100-X%) bimetallic nanospheroids was conducted by measuring the nanospheroids diameter and aspect ratio, and the results are summarized in Table II . Figure 6(a) illustrates the mean diameter and aspect ratio of the Ag-Au nanospheroids as a function of Au concentration, which shows the formation of nanospheroids with comparable size and aspect ratio for the five samples.
Optical absorption spectra were recorded for each specimen after post-irradiation annealing. Figure 6(b) shows the tunable characteristics of LSPR frequency of Ag-Au bimetallic nanospheroids of all five samples, and a single localized surface plasmon absorption band for each sample was observed. Figure 6(c) shows the UV-vis absorption peak position plotted against the percentage of Au concentrations. This figure demonstrates that the LSPR peak positions shift approximately linearly from 424.5 nm (Ag nanospheroids) to 566.6 nm (Au nanospheroids) with an increase in Au molar fractions. The wavelength of the maximum absorption band for each sample is summarized in Table II . In this study, the nanospheroids were synthesized in the vacuum chamber. However, ex situ photoabsorption spectra measurement was carried out in air. Therefore, a layer of oxide Ag (usually Ag 2 O) was formed on the nanospheroids surface, and the Ag-core Ag-oxide shell structure will induce a red shift of the characteristic surface plasmon resonance response for pure Ag, which located at around 400 nm. 39, 40 However, this plasmon absorption peak was rather stable over time: after 8 months in a low vacuum condition, the plasmon absorption intensity has decreased a little (see S1 in the supplementary information 47 ).
IV. DISCUSSIONS
In general, the optical property of nanoparticles is characterized by photoabsorbance A. The photoabsorbance A is proportional to the extinction cross-section r ext , which can be obtained by the Mie scattering theory. 9, 13 However, Mie theory is only applicable to spherical particles. Richard Gans generalized Mie's results to spheroidal particles of any aspect ratio in the small particle approximation. 8, 13 In the case of a single uncharged spheroidal particle with dielectric function e ¼ e 1 þ ie 2 dispersed in a surrounding medium with dielectric function e m . The general expression of the extinction cross-section takes the following form:
where k the incident light wavelength, V the particle volume, and e ¼ e 1 þ ie 2 the size-dependent complex dielectric function of the particle. Equation (1) is valid if the particle size is much smaller compared to the light wavelength k. Here, P j includes P A , P B , and P C , termed depolarization factors, for each axis of the particle. In our study, A > B ¼ C is assumed for a prolate spheroid. The depolarization factors anisotropically alter the values of e 1 and e 2 , and therefore the resulting LSPR peak frequencies. The depolarization factors are given as follows:
where e is the following factor, which includes the particle aspect ratio R:
The LSPR absorption holds when the denominator in Eq. (1) exhibits a minimum, that is 
In particular, for noble-metal NPs the equation has a solution in the visible range at the LSPR frequency, because the real part of the dielectric function is negative. The extinction spectrum from Eq. (1) has two peaks, one corresponding to the transverse plasmon mode and the other corresponding to the longitudinal plasmon mode. Equation (1) provides an intuitive understanding of the effects of aspect ratio on the LSPR peak wavelength. The factor ð1 À P j Þ=P j increases with aspect ratio and can be greater than 2, leading to a shift of the LSPR peak towards the longer wavelength. For nanoparticles other than these spheres and spheroids, particle shape plays a significant role on the LSPR spectra. However, this cannot be determined by analytical analysis, and must be studied numerically. Numerical methods for plasmonic nanoparticles include the Mie-Maxwell-Garnett (MMG) method, the generalized multisphere Mie (GMM) theory, 22 the discrete dipole approximation (DDA), 14 and the FiniteDifference Time-Domain (FDTD) method. 48 An extension of Gans theory for the calculation of optical absorption spectra in bimetallic nanoparticles has been developed. While dealing with the optical properties of alloyed metal nanoclusters, the most important aspect is the correct choice of the alloyed nanoparticle dielectric function. The bimetallic nanoparticle dielectric function is assumed to be a weighted linear combination of dielectric functions for single particles. It can be calculated in terms of the dielectric functions e Ag and e Au for nanoparticles of the same size consisting of the pure metals 24, 49 e Alloy ¼ ae Ag þ ð1 À aÞe Au ;
where a the relative volume concentration of Ag inside the nanoparticle. The important quantity in Eqs. (1) and (5) is the nanoparticles dielectric function e, which differs from that of the bulk metals. It has been shown that the noble metals gold and silver cannot be treated as a free electron gas, in which the dielectric function can be written within the Drude formula. It is generally accepted that a good approximation of the dielectric function of small particles is obtained from the bulk dielectric function, considering the contributions of the interband contributions. 49, 50 Consequently, the dielectric function is written as
where e D 1;2 and v IB 1;2 are the real and imaginary parts of the free electrons and interband contributions into e, x p is the plasma frequency, and c the rate of electron collisions. Silver and gold have close bulk plasma frequencies: hx P ¼ 8:5 eV for silver and hx P ¼ 9:0 eV for gold, and h is the reduced Planck constant. 49, 51 As the particle size reduces, the rate of scattering from the particle surface c s becomes larger than the bulk scattering c 0 , and the following relation can be obtained:
where V F is the Fermi velocity and r is the particle radius. For gold and silver, the Fermi velocity gets almost the same 49 which is actually used to consider some of the other factors like electron density at the surface. Therefore, the differences between the dielectric functions of nanoparticles and bulk metals are included in the free electron part of the dielectric function. The contribution arising from interband transitions is assumed to be unchanged. The analytical calculation of interband dielectric function is complicated. However, it is possible to approximate the real interband part of the dielectric function v IB 1 by using the appropriate values. In the present calculations, the interband dielectric functions were extracted from pure gold and silver nanoparticles with diameters of several tens of nanometers 
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where x R is the LSPR peak frequency. Converting from frequency to wavelength via k ¼ 2pc=x R , the LSPR peak wavelengths can be obtained as follows:
In the Gans estimation of LSPR peak positions, the effect of SiO 2 glass substrate must be taken into consideration. We have used the effective medium approximation of Kelly et al. 53 In that method, the effective dielectric constant of the medium surrounding the nanospheroids was defined as the weighted average of the dielectric constants of the substrate and of the air above the substrate, with the weight determined by the relative areas of the nanoparticle exposed to the substrate and to air. 53, 54 As the dielectric constant of the SiO 2 glass substrate used in our study is 3.9, the effective dielectric constant surrounding the nanospheroids is
assuming the nanostructures are half embedded in the SiO 2 substrate. Therefore, the longitudinal plasmon mode for the LSPR peak positions of Ag (50%) -Au (50%) bimetallic nanospheroids as a function of the irradiation fluence is estimated to be shifted from 587 to 483 nm, as shown in Fig. 3(c) , where the average sizes and aspect ratios obtained from SEM micrographs were used. However, the calculations overestimate the LSPR peaks for the samples with the irradiation fluences less than 7.0 Â 10 16 cm À2 . This is because the bimetallic nanostructures were simplified to be prolate spheroids, in which the aspect ratio is only used to characterize the shape. The shapes other than spheroid like triangle and dumbbell like nanostructures have a certain contribution to the resonance frequency, which can be verified by the large deviation of the aspect ratio obtained by lower dose irradiation (<7.0 Â 10 16 cm À2 ). As mentioned previously, a shift of the LSPR peaks towards the longer wavelength (red shift) was observed when the irradiation fluence increased to 1.4 Â 10 17 cm À2 . This is because of the peculiar topology of the core-satellite nanostructures formed in the ion irradiated samples by producing a red shift of the LSPR absorption band. 22 As noticed in high-magnification TEM micrograph in Fig. 4(c) , a halo of satellite clusters around the core nanospheroid formed in the embedded substrate. The formation of the satellite nanoclusters can be understood in terms of ballistic processes induced by the collisional cascades. 21 The Au and Ag atoms are ejected from the original alloy clusters following a ballistic process, and then diffuse into the SiO 2 matrix due to the radiation enhanced diffusion, starting the nucleation and growth where their concentration overcomes their solubility limit. Therefore, a strong coupling between the core spheroid and the satellite nanoclusters appeared, which strongly affects the local field near the core surface. 22 The GMM theory has been used to model the optical response of these strongly interacting spherical satellites with the core sphere. Mazzoldi's group has studied the optical property of such core-satellite nanostructures, in which red shifts of 20 nm and 60 nm were obtained for the Ne þ and Kr þþ irradiated Ag 0.4 Au 0.6 alloyed nanoplanets in silica, respectively. 22 Surface plasmon resonance response under different ion fluence was also tested with the 20 nm Au films on SiO 2 glass substrates. A similar tendency of surface plasmon resonance response to irradiation fluence was obtained. As the irradiation fluence increased, a shift of the LSPR peak positions toward the shorter wavelength was observed up to an irradiation fluence of 7.5 Â 10 17 cm
À2
, and then shifted towards the longer wavelength with further irradiation (see S2 in the supplementary information 47 ). Therefore, we expect that for the 100 keV Ar ion irradiation of 20 nm Ag-Au bimetallic film on SiO 2 glass substrate, the enhanced photoabsorption peak would be also shifted toward the shorter wavelength with the increase of irradiation fluence, and then shifted toward the longer wavelength with further irradiation. For the film thickness decreased to be 10 nm and the beam energy increased to be 250 keV, the ion induced blistering on the surface occurred (see S3 in the supplementary information 47 ). Therefore, thicker metallic film is required to obtain similar surface plasmon resonance response under difference fluences for the higher ion beam energy.
For the Ag (X%) -Au (100-X%) bimetallic nanospheroids with a comparable size, the peak positions for the LSPR spectra were estimated to be shifted approximately linearly from 452 to 521 nm with the increase of Au concentrations (Fig. 6(c) ), which fits the tendency of the experimental data well. Also, this result is consistent with previous works, 9, 20, 24, 25 in which the Ag-Au alloy nanoparticles were synthesized through chemical methods. However, the calculation underestimates the shift observed in the experimental data. The most relevant factors controlling the position of the SPR absorption band are the size, shape, compositions of the nanospheroids, the dielectric constant of the matrix, and the interactions among the nanospheroids, as the extensions of the Gans theory have demonstrated. As the Ag (X%) -Au (100-X%) bimetallic nanospheroids have a comparable size distribution and aspect ratio distribution (Fig. 6(a) ), some other factors should be take into consideration. The local refractive index was increased because of the metal atoms dispersed in the dielectric matrix due to the irradiation induced forward recoiling contributes by producing a red shift of the SPR absorption band. Also, the peculiar topology of the core-satellite nanostructures formed in the ion irradiated samples has a contribution of the red shift of the SPR absorption band, as discussed previously. 22 
V. CONCLUSIONS
In this paper, Ar-ion irradiation induced surface nanostructuring of Ag-Au bimetallic films on SiO 2 substrates and their optical properties were investigated. The surface morphology was examined using a SEM equipped with an EDS, and the microstructure of the fabricated Ag-Au nanospheroids was examined using a TEM. The following conclusions were obtained: , the Ag (50%) -Au (50%) bimetallic nanospheroids on the SiO 2 substrate were formed. The mean size of the nanospheroids decreases and the aspect ratio approaches unity with an increase in the irradiation fluence. This results in a shift of the LSPR peaks towards the shorter wavelength up to an irradiation fluence of 1.0 Â 10 17 cm
À2
, which is in good agreement with the Gans calculation. The peak was then shifted towards the longer wavelength because of the strong coupling between the core spheroid and the satellite nanoclusters via ballistic processes. 2. Tuning of the LSPR frequency over a wider range has been achieved by modifying the Ag-Au molar ratios, and a remarkable LSPR peaks shifted approximately linearly towards the longer wavelength with the increase of the Au concentration has been obtained, with a tendency in good agreement with the Gans calculation. However, the calculation underestimates the shift observed in the experimental data because of the increase of the local refractive index and the peculiar topology of the core-satellite nanospheroids, both have contributions by producing a red shift of the LSPR absorption band.
In summary, ion irradiation and post-annealing can be considered as effective approaches in surface nanostructuring and, therefore, in the fabrication of photosensitive bimetallicsilica nanocomposites. Moreover, irradiation enhanced diffusion effectively burrows the nanospheroids with functionalization surfaces into the dielectric platform, and potential application use in solid-state devices is expected.
